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Summary
Objective: A new image analysis system was employed to quantify the main histological parameters reflecting osteoarthritic features, at the
cartilage and bone levels, in the meniscectomized guinea pig model of osteoarthritis (OA).
Methods: Meniscectomized (MNX) and sham-operated (SH) guinea pigs were studied 1 and 3 months after partial meniscectomy at the
medial side of the left knee (n10 to 12 animals/group). The left proximal tibias were included in methylmethacrylate. Sections were cut and
stained with safranin O or Goldner trichrome. Parameters were quantified using special programs of a Biocom image analyser. The following
parameters were evaluated at the medial side of the tibia: cartilage thickness (CT); fibrillation index (FI); proteoglycan content ratio based
on safranin O staining intensities (PC); chondrocyte density (CD); bone volume (BV) and subchondral bone plate thickness (SBPT). The
degree of user interaction varied from manually tracing objects to almost complete computer automation.
Results: Meniscectomy resulted in significant variations of these reproducible histomorphometric parameters both after 1 month (FI: +522%,
P<0.01) and 3 months (FI: +162%, P<0.001; PC: −36.7%, P<0.001; CD: −31.8%, P<0.001; SBPT: +8.7%, P<0.05) post-operation (results
expressed as percentage variation of MNX vs SH). The linear correlation analysis including data from SH and/or MNX animals at the two
grouped time points revealed significant r values, in particular between cartilage (CT) and subchondral bone parameters (SBPT) (r=−0.41,
P<0.01).
Conclusions: Contrary to scoring evaluation, this system allowed to show the time-dependent impact of the pathology with an early fibrillation
of the medial tibial cartilage appearing as soon as 1 month post-surgery, and the close relationship between bone and cartilage parameters
during the progression of OA.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Science Ltd. All rights reserved.
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Introduction
Osteoarthritis (OA) is a major joint disease of humans and
various animals in which articular cartilage degenerates
over a period of time causing denudation of the joint
surface. It is also characterized by concomitant changes in
subchondral bone which are well documented, mostly in
humans1–3. However, the relative pre-eminence of carti-
lage or bone in the aetiopathology of OA has not yet been
established. One reason could be that most of the studies
were realized in humans and focused on late and end-
stage of the disease, consequently revealing little informa-
tion about early bone and cartilage events. In this context,
there is an obvious interest to use animal models with
appropriate methods of assessment. Using guinea pigs,
magnetic resonace imaging (MRI)4 and X-radiography5
studies reported that subchondral bone changes preceded
articular cartilage degradation. Furthermore, a dual-energy
X-ray absorptiometry analysis of the subchondral bone of
the femur in meniscectomized (MNX) guinea pigs, revealed
significant variations of bone mineral density in the OA-
affected side of the knee6. These changes appeared as
early as 1 month post-operation and confirmed the primary
role of subchondral bone in the early events leading to
articular cartilage degradation. However, the time-
dependent histomorphometric changes of articular carti-
lage relatively to those of the subchondral plate in the same
joint were not previously studied.
In the present paper, variations of both cartilage and
bone histomorphometric parameters were analyzed at the
same site of the knee articulation (medial tibial plateau) in
sham-operated (SH) and MNX guinea pigs 1 and 3 months
after surgery. A new computerized image analysis system
was used to precisely quantify the main histological param-
eters reflecting OA features. Histomorphometric param-
eters were compared by simple and partial correlation
analyses. Minimizing a large portion of the subjectivity
demonstrated by previous techniques based on a scoring
system, this new method allows a more accurate and




Male Hartley albino guinea pigs obtained from Charles
River (Cle´on, France) were housed four per cage in
63×54×30 cm3 (width×depth×height) cages and main-
tained at 21°C with a 12 h/12 h light/dark cycle. Animals
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were fed a certified guinea pig breeding diet (diet 114 from
U.A.R., Villemoisson, France) ad libitum. At the beginning
of the study, the animals were 12 weeks of age and
weighed about 650 g. Ethical guidelines for experi-
mental investigations in animals were followed, and
the experimental protocol was used after “IdRS animal
experimentation ethic committee” acceptance.
SURGICAL OPERATION
Partial medial meniscectomy was done on the left knee
of 21 guinea pigs anesthetized by inhalation of 5% iso-
flurane (Abbott Laboratories, Rungis, France) in a mixture
of 50% oxygen and 50% nitrous oxide. The technical
aspect of the operation followed previously published sur-
gical procedures by Bendele7. Twenty four animals under-
went control surgery in which the joint capsule was opened
by transection of the medial collateral ligament and the
meniscus was left intact. After the operation, the collateral
ligament was sutured and the skin incision closed with two
wound clips and disinfected with povidone (Betadine®, Asta
Medica). Only transient inflammation was induced by the
operation in all the animals, which was rapidly resorbed
after 2 days following the surgery.
FOLLOW-UP STUDY AND SAMPLING AT SACRIFICE
During the study, all the guinea pigs were healthy as
indicated by maintenance of normal body weight and food
consumption. SH and MNX animals were killed by exsan-
guination under isoflurane anesthesia at 1 month (12 SH
and 10 MNX) and 3 months (12 SH and 11 MNX) post-
surgery.
BONE SAMPLES
The left tibias (from the operated knee) were stripped
of tendon and musculature. Immediately after dissection,
they were placed in 10% formalin for histomorphometric
analysis.
HISTOLOGICAL PROCEDURES
Bone samples were prepared according to previously
described histological procedures8,9. Undecalcified sec-
tions (7 µm thick) of the tibial plateau were cut with a
polycut E (Reichert Jung, Cambridge Instruments GmBH,
Germany) in the coronal plane of the attachment of the
menisco-femoral ligament (Fig. 1). In order to take into
account the focal nature of the OA process, always appear-
ing in the central part of the medial tibial plateau in this
model21, and to be sure that all the sections were cut in
exactly the same angle, embedded tibias were first worn
out by rubbing on a rotary abrasive disk until the right angle
and location for cutting were obtained. This could easily be
confirmed by looking at the equal proportions of both lateral
and medial cartilage areas on the sections separated by
the ligament in a central position and at the presence of
the fibula insertion on the lateral part of the tibia. Eight
non-consecutive sections, obtained at 100 µm intervals,
were measured per knee joint. For cartilage parameters,
four sections were stained with safranin O and counter-
stained with light green. For bone parameters, four other
non consecutive sections were stained by the Goldner
trichrome.
MEASUREMENT OF THE HISTOMORPHOMETRIC PARAMETERS
The following parameters were measured automatically
by a Biocom image analyser (Les Ulis, France) connected
to a Polyvar 2 microscope by a CCD sorting camera
(Sony). Special softwares were developed for each param-
eter. All the evaluations were performed in the central zone
of the left medial tibial plateau (Fig. 1) at various magnifi-
cations depending on the type of the parameter.
Fig. 1. Left operated proximal tibia of a meniscectomized guinea pig. Site of measurement of histomorphometric parameters: medial tibial
plateau (arrow). Safranin O staining. OP, osteophyte; L, ligament; C, cyst; GP, growth plate (magnification: 10×).
Osteoarthritis and Cartilage Vol. 11, No. 6 413
The cartilage thickness (CT), expressed in micrometers,
was measured at a 20× magnification between two mor-
phologic indicators (1 and 2) as presented in Fig. 2(A). After
manually delimiting the cartilage [area C in Fig. 2(A)]
between reference marks 1 and 2 and the subchondral
bone, the resulting area of cartilage is automatically seg-
mented (using a threshold for black and white extraction
with a green image), and the thickness of cartilage calcu-
lated as the mean length of all the segments generated
from each pixel situated on the border of the corresponding
area of the cartilage.
The fibrillation index (FI) was measured at a 80× magni-
fication. The area of measurement was centrally positioned
between reference marks 1 and 2 [see Fig. 2(A)]. The
segmentation of both cartilage and bone was performed
using a threshold for black and white extraction with a
green image. On the upper limit of the segmented area, the
length of the superficial border was then automatically
integrated [l in Fig. 3(A)] and the FI was calculated by
dividing l by the width [w in Fig. 3(A)] of the measured
area.
The proteoglycan content ratio of the cartilage (PC) was
approximated by the quantification of the safranin O stain-
ing intensity (SOI) of the histological section. The area of
measurement was the same as that previously described
for FI and the segmentation of the cartilage was automati-
cally generated as for the measurement of CT. The inten-
sity was evaluated in the superficial (S) and in the deep (D)
zones of the cartilage by a manual delimitation at the upper
margin of the D zone [magnification: 80×; see Fig. 4(A)]. It
was automatically measured as the result of the optical
density calculated on a greyscale obtained in the red
component of the light crossing the section. In order to
minimize the difference of the safranin O staining between
the sections and because PC differentially varies during the
experimental OA in S and in D zones, the following ratio
Fig. 2. (A) Left operated tibial plateau of a meniscectomized guinea pig. Area of measurement of the CT (in µm): automatically generated
between the two manually indicated points (1 and 2) at the margin of cartilage (C) and bone (B). Safranin O staining. OP, osteophyte
(magnification: 20×). (B) Results of CT (mean ± S.E.M.) in SH and MNX animals, 1 and 3 months post-operation.
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was then calculated: SOI in S zone divided by SOI in D
zone. This justifies the expression of the PC as a ratio.
The chondrocyte density (CD) was evaluated at the 200×
magnification: it is the result of the manual counting of the
cells divided by the automatic calculation of the cartilage
surface [Fig. 5(A)] (see the conditions for cartilage segmen-
tation in the FI evaluation paragraph). CD is expressed in
number of cells/mm2.
The subchondral bone plate thickness (SBPT in µm) and
the bone volume (BV in %) were automatically measured
after segmentation of the bone in the half superior part of
the epiphysis at a 12.5× magnification [Fig. 6(A)]. For this,
the segmentation of the bone was performed using a
threshold for black and white extraction on red images.
After having delimited in a rectangle, all the bone situated
between the growth plate and the articular cartilage, the
subchondral area was automatically generated in the half
superior part above the median of the rectangle. BV was
then calculated in this area and SBPT resulted from the
mean distance between each pixel of the upper limit of the
bone and its corresponding point at the margin of the bone
marrow.
Cartilage parameters (CT, FI, PC and CD) were succes-
sively measured in each of the four non-consecutive sec-
tions stained with safranin 0, and bone parameters (SBPT
and BV) were measured in the four non-consecutive sec-
tions stained with Goldner trichrome. For each animal, the
data of each parameter was the mean of the four measure-
ments obtained from the four sections. All sections were
read blindly.
Fig. 3. (A) Left operated tibial plateau of a SH and MNX guinea pig. Measurement of the FI; automatically calculated as follows: FI=(length
of superficial margin of cartilage (l)/width of area of measurement (w))×100. Safranin O staining (magnification: 80×). (B) Results of FI (mean
± S.E.M.) in SH and MNX animals, 1 and 3 months post-operation (significant differences between SH and MNX: **P<0.01; ***P<0.001;
significant difference in SH between 1 and 3 months: # P<0.05).
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PRECISION OF MEASUREMENTS
The reproducibility of histological measurements was
determined by calculating the coefficient of variation
(CV=100×standard deviation/mean) for each parameter
measured in five sections of tibia which were sequentially
analysed five times by the same observer.
STATISTICAL ANALYSIS
Data were expressed as mean ± standard error of the
mean (S.E.M.). The significance of differences between
mean values was assessed by an unpaired Student’s t test
for comparison of MNX with SH. Pearson’s correlation
coefficients (r=simple correlation) were calculated between
measured parameters at the two grouped time points (1
and 3 months). In order to statistically exclude the influence
of experimental surgery (MNX or SH) on the level and
the significance of the correlation, Spearman’s correlation
coefficients (r′=partial correlation) were also calculated
between these parameters.
Results
GLOBAL HISTOLOGICAL QUANTIFICATION OF THE OPERATED LEFT
TIBIA CARTILAGE
The global cartilage histological score of the operated
tibia in these groups of animals has been previously
Fig. 4. (A) Left operated tibial plateau of a SH and MNX guinea pig. Automatic measurement of the SOI in the deep (D) and superficial (S)
zones of the articular cartilage after manual delimitation of the D from the S zones. Proteoglycan content ratio of the cartilage is expressed
as SOI in S/SOI in D. Safranin O staining (magnification: 80×). (B) Results of proteoglycan content ratio (mean ± S.E.M.) in SH and MNX
animals, 1 and 3 months post-operation (significant difference between SH and MNX: ***P<0.001).
416 P. Pastoureau et al.: Articular cartilage and subchondral bone histology in osteoarthritis
published6. The results had shown the time-dependent
destructive cartilage changes in guinea pigs after menis-
cectomy, whereas no macroscopic evidence of knee joint
damage was observed in the SH animals.
PRECISION OF HISTOMORPHOMETRIC MEASUREMENTS
After five consecutive measurements of five different
sections, the intra-observer reproducibility for each histo-
morphometric parameter was: 2.0±0.3% for CT, 10.9±9.2%
for FI, 3.1±1.3% for PC, 6.9±1.2% for CD, 1.4±0.2% for BV
and 2.0±0.6% for SBPT. Inter-observer variations were
exactly in the same range than for the intra-observer CV
due to the precise conditions of measurements for each
parameter, based on well-defined morphological criteria on
the histological sections (data not shown).
HISTOMORPHOMETRIC PARAMETERS OF THE PROXIMAL TIBIAL
EPIPHYSIS IN ITS MEDIAL SIDE
Cartilage thickness
Mean CT of the medial tibial plateau was not modified by
meniscectomy 1 month after the operation but it tended to
Fig. 5. (A) Left operated tibial plateau of a SH and MNX guinea pig. Measurement of the CD calculated as follows: number of cells (manual
counting) divided by the automatically measurement of the central area of the medial tibial plateau (nb cells/mm2). Safranin O staining
(magnification: 200×). (B) Results of CD (mean ± S.E.M.) in SH and MNX animals, 1 and 3 months post-operation (significant difference
between SH and MNX: ***P<0.001).
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be lower in MNX than in SH animals at 3 months (−10.1%,
not significant) [Fig. 2(B)].
Fibrillation index
FI was significantly increased in MNX when compared
with SH animals 1 month (+522%, P<0.01) and 3 months
(+162%, P<0.001) following the operation. FI was also
higher in SH at 3 months post-operation than in SH after
1 month (+140%, P<0.05) [Fig. 3(B)].
Proteoglycan content ratio
The proteoglycan content was evaluated by the meas-
urement of the SOI in the superficial (S) and the deep (D)
layers of the tibial cartilage. SOI in S tended to be lower in
MNX than in SH both at 1 month (2.93±0.42 vs 3.32±0.23)
and 3 months post-operation (2.94±0.34 vs 3.81±0.36). On
the contrary, SOI in D tended to be higher in MNX than in
SH after 1 month (6.36±0.3 vs 5.97±0.46) and 3 months
(9.08±0.78 vs 7.48±0.58). As a consequence of these
Fig. 6. (A) Left medial tibial plateau of a guinea pig. Bone volume (BV in %) and subchondral bone plate thickness (SBPT in µm) were
automatically measured after segmentation of bone in the half superior part of the epiphysis (dark area). Goldner trichrome staining. L,
ligament; GP, growth-plate; BE, bone epiphysis (magnification: 12.5×). (B) Results of BV and SBPT (mean ± S.E.M.) in SH and MNX animals,
1 and 3 months post-operation (significant differences between SH and MNX: *P<0.005; significant differences in SH between 1 and 3
months: #P<0.05).
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changes, the ratio (SOI in S/SOI in D) was lower in MNX
than in SH both after 1 month (−16.8%, not significant)
and 3 months (−36.7%, P<0.001) following the surgery
[Fig. 4(B)].
Chondrocyte density
CD was lower in MNX than in SH, 1 month (−12.0%, not
significant) and 3 months (−31.8%, P<0.001) after the
operation [Fig. 5(B)].
Subchondral bone parameters
Whatever the time, the subchondral bone parameters did
not show any significant differences between SH and MNX,
except for the subchondral bone plate thickness which was
significantly higher in MNX 3 months after the operation
(+8.7%, P<0.05) when compared to SH animals [Fig. 6(B)].
Furthermore, there was an increase of these two bone
parameters in the SH group between 1 and 3 months
post-operation (BV: +5.0%, P<0.05; SBPT: +7.6%,
P0.05) [Fig. 6(B)].
CORRELATION BETWEEN HISTOMORPHOMETRIC PARAMETERS
All the parameters were crossed between them in a
linear correlation analysis including data from SH and/or
MNX animals at the two grouped time points. Table I shows
the resulting coefficients only when they were found to be
statistically significant. Taking into account all the animals
(SH+MNX, n45), the CT was significantly and negatively
correlated with the SBPT (r=−0.41, P<0.01; Fig. 7); the FI
was also significantly and negatively correlated with the PC
(r=-0.58, P<0.001; Fig. 8) and the CD (r=−0.63, P<0.001;
Fig. 9); the PC ratio was significantly and positively cor-
related with the CD (r=0.40, P<0.01; Fig. 10) and the BV
was significantly and positively correlated with the SBPT
(r=0.63, P<0.001; Fig. 11). The associated partial correla-
tion coefficients were also significant except for the pair of
parameters involving the CD (Table I). Finally, separating
MNX from SH animals, r values were always higher in the
MNX group and always significant in this group except for
the correlation between PC ratio and CD (Table I).
Discussion
The present study analyzed the histological changes of
cartilage and bone in experimental OA induced by partial
removal of the medial meniscus in left knee joints of young
adult guinea pigs. Histomorphometric parameters were
measured using a new computerized image analysis sys-
tem and their reproducibility was calculated. Depending on
the parameters, the mean CV varied between 1.4 and
10.9%. Such variations are fully acceptable, considering
the corresponding difference of the parameter between SH
and MNX animals at any time point following the surgery.
For instance, the higher CV (10.9%) for the fibrillation
parameter (FI) must be considered in relation to the greater
variation observed with this parameter under pathological
conditions [+522 and +162%, Fig. 3(B)]. The evaluation of
the accuracy was not feasible because no direct compari-
son was possible with manual measurements for such
parameters. Micrometers are not accurate enough for
thickness measurements of cartilage and subchondral
bone plate. Furthermore, the length of the fibrillated border
of the cartilage and the proteoglycan content can only be
evaluated by computerized methods20. Only bone volume,
measured at the epiphysis level, has been validated
and previously published6. An indirect way to state on the
better accuracy obtained for these measurements is the
Table I
Correlation coefficients (CC) between histomorphometric parameters in SH and/or MNX animals, at the two grouped time points (1 and
3 months)
CC between: SH+MNX n=
Cartilage thickness and subchondral bone plate thickness r=−0.41* SH r=−0.33 24
(r′=−0.411**) MNX r=−0.47* 21
Fibrillation index and proteoglycan content ratio r=−0.58*** SH r=−0.41* 24
(r′=−0.39**) MNX r=−0.43* 21
Fibrillation index and chondrocyte density r=−0.63*** SH r=−0.37 24
(r′=−0.38) MNX r=−0.45* 21
Proteoglycan content ratio and chondrocyte density r=0.40** SH r=0.04 24
(r′=ns) MNX r=0.27 ns 21
Bone volume and subcondral bone plate thickness r=0.63*** SH r=0.45* 24
(r′=0.35*) MNX r=0.79** 21
r, linear correlation coefficient (r′=partial correlation coefficient). Statistical significance and r and r′ values: *P<0.05; **P<0.01;
***P<0.001.
Fig. 7. Pearson’s (r) and Spearman’s (r′) correlations between the
CT and the subchondral bone plate thickness of the medial tibial
plateau calculated at the two grouped time points for all the
animals (**P<0.01).
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comparison with the scoring evaluation made on the same
animals which was previously published6 and discussed
further in the conclusion.
To evaluate the ability of this technique to detect and
easily quantify the lesional changes in cartilage and bone,
measurements taken at two different times were studied in
MNX guinea pigs, a suitable surgical model to study
OA10,11 and applied therapeutics12. It rapidly develops
significant destructive cartilage changes, as early as 1
month post-surgery6, with all the features described by
Bendele which are quite similar to those observed in
human OA7.
For the characterization of histological lesions, the
majority of published animal studies used a scoring system
evaluation. They are particularly concerned with surgical
models of OA in larger animals, such as dog or rabbit
after anterior cruciate ligament transection, in which the
scores appeared to be sensitive enough to detect
modifications under pathophysiological13,14 or therapeutic
conditions15,16.
Most of the histomorphometric studies based on a com-
puter analysis system were concerned with quantitative
assessment for cartilage repair17 or human OA cartilage
samples18,19. Few studies were about animal experiments
in OA, and the only published data are often restricted to
the quantification of SOI using a color-based method20.
The present automated methodology allowed to show the
Fig. 8. Pearson’s (r) and Spearman’s (r′) correlations between the
proteoglycan content ratio and the FI of the medial tibial plateau
calculated at the two grouped time points for all the animals
(**P<0.01; ***P<0.001).
Fig. 9. Pearson’s (r) and Spearman’s (r′) correlations between the
CD and the FI of the medial tibial plateau calculated at the two
grouped time points for all the animals (*P<0.05; ***P<0.001).
Fig. 10. Pearson’s (r) and Spearman’s (r′) correlations between the
CD and the proteoglycan content ratio of the medial tibial plateau
calculated at the two grouped time points for all the animals
(**P<0.01).
Fig. 11. Pearson’s (r) and Spearman’s (r′) correlations between the
subchondral bone plate thickness and the bone volume of the
medial tibial plateau calculated at the two grouped time points for
all the animals (***P<0.001; *P<0.05).
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time-dependent impact of the pathology in a representative
animal model of OA, differentially analyzing the lesional
events classically described in this pathology at the mor-
phological (CT), collagen breakdown (FI), proteoglycan
degeneration (SOI), cellular (CD) and bone (SBPT)
levels.
In the present study, the mean CT of the medial tibial
plateau did not reveal any significant difference between
MNX and SH animals although it tended to be lower
in MNX at the later stage. Nevertheless in two other
independent experiments in which measurements of CT
were performed at a higher magnification (80×) in the
central part of the plateau, the pathological differences
between MNX and SH, 3 months post-operation, were
effectively significant (−18.6 and −23.8% successively,
P<0.01, n12/group-data not shown). Thus, absence of
significant difference in this study is surely due to the
conditions of measurements at a low magnification (20×)
and the significant differences detected later in the same
conditions of experiment, but at a higher magnification,
confirm that post-meniscectomy cartilage lesions primarily
occur in the central area of the medial tibial plateau21. The
initial reason which conditioned the measurement of CT
over the whole width of the tibial plateau, was due to the
correlation study, for which the bone parameters were
exactly measured under the whole surface of this cartilage
area. Interestingly, a significant and negative correlation
was observed between CT and SBPT (Fig. 7). This result
strongly supports the implication of the subchondral bone in
the development of the cartilage degeneration and particu-
larly reinforces the hypothesis of Radin et al. who proposed
that increases in thickening and stiffness of underlying
bone were associated with cartilage degeneration1. Taken
together all these results underline the interest of the
measurement of CT in the OA model. Effectively CT, which
best expresses the illness classically evoked in OA carti-
lage, remains the best global histological parameter for the
quantification of cartilage erosion at all stages of the
disease.
Fibrillation of the upper zone of the articular cartilage is
also a typical feature of cartilage degeneration in OA. In
histological applications, it has typically been characterized
by descriptive means22. The technique developed in this
study, to quantitatively describe the degree of surface
fibrillation present on the guinea pig tibial plateau, provides
a means of quantifying the degree of fibrillation, a larger
value indicating a greater degree of fibrillation. Measured
and expressed as FI (in order to normalize to the size of the
measured area) in MNX guinea pig, this parameter effec-
tively and strongly discriminates between diseased and
healthy animals. Furthermore, considering the significant
increase in SH between 1 and 3 months post-operation, it
even allows detection of the naturally occurring fibrillation
with age in Hartley guinea pigs.23. The rapid and early
detection of fibrillated surfaces in MNX guinea pigs is the
phenotypic expression of collagen breakdown in the matrix
induced by meniscectomy24. It has been well characterized
as a precocious and important event in the progressive
cartilage degeneration during human OA25 and related
animal models in mice26, rats27, guinea pigs28 and rab-
bits29. Modifications of the cartilage matrix collagen in OA is
often described as associated with changes in chondro-
cytes30 and content and synthesis of proteoglycans31,32.
This is in agreement with the correlation study in which
FI was only and negatively correlated with the matrix
component (PC) and the cellular (CD) histomorphometric
parameters (Table I).
An alternative method to measure the modifications of
proteoglycan content of cartilage matrix in OA is proposed.
It is based on the quantification of SOI using a special
software and expressed as a ratio. This ratio, SOI in the
superficial zone of cartilage divided by the same intensity in
the deep zone, was calculated in order to minimize the
difference of quality of staining between the sections. Its
good reproducibility allowed to detect significant variations
in the proteoglycan content in MNX animals 3 months after
the operation. This result is in accordance with the classi-
cally described modifications in proteoglycan content dur-
ing the progression of OA33 and particularly its relative
variation between superficial and deep area of cartilage.
Like for collagen content, decreased proteoglycan content
is soon noticeable in the upper zone of osteoarthritic
cartilage whereas deep zone is subjected to enhanced
proteoglycan content because of an increased synthesis by
chondrocytes in this zone34. Although significantly corre-
lated with the FI (as previously discussed), the time-
dependent variations of the proteoglycan content in the
cartilage matrix of MNX animals appears to be different
when compared to the early and strong modifications of the
FI in these same animals. This difference in the kinetic of
the breakdown of the matrix components could reflect the
pre-eminence of collagen degradation as an early and
important event in this model of OA.
The semi-automatic evaluation of the CD revealed a
significant decrease of this parameter 3 months after
operation in MNX animals. In human OA, this loss of
cellularity has been well documented notably in osteo-
arthritic femoral head35. It has been demonstrated that OA
chondrocytes die by apoptosis36 and this process is an
important event which also appears early in the develop-
ment of OA37 and particularly after meniscectomy38. It
largely depends on cartilage matrix depletion39 and this
could explain the significant correlations obtained between
CD and the two parameters of the cartilage matrix content
(FI and PC) (see Table I).
The pre-eminent role of subchondral bone in the early
events leading to the active degradation of articular carti-
lage in MNX guinea pigs was already discussed6. In the
present study, the interest of measuring subchondral bone
parameters at the histological level has been emphasized.
The bone volume did not vary between SH and MNX at the
two times post-operation; it only increased in SH between 1
and 3 months due to increased bone growth in these still
growing animals. On the contrary, the subchondral bone
plate thickness significantly increased in MNX after 3
months when compared to SH and this confirms the bone
sclerosis described in humans40. Its implication in the
development of cartilage degradation has been discussed
above when considering the significant correlation between
the FI and the subchondral bone plate thickness.
In conclusion, a new image analysis system was em-
ployed to quantify the main histological parameters reflect-
ing osteoarthritic features, at the cartilage and bone levels,
in the MNX guinea pig model. This system minimizes a
large portion of the subjectivity demonstrated by previous
techniques and consequently permits a more quantitative
and analytical comparison between control and experimen-
tal specimens. This is a major advantage for statistical
studies and particularly for those applied to the analysis of
therapeutic treatments. Furthermore, this methodology can
contribute to the introduction of normative data for the
histological characterization of OA in this animal model.
Contrary to scoring evaluation, this system allowed us to
show the time-dependent impact of the pathology with an
Osteoarthritis and Cartilage Vol. 11, No. 6 421
early fibrillation of the medial tibial cartilage appearing as
soon as 1 month post-surgery, and the close relationship
between bone and cartilage parameters during the
progression of OA.
Acknowledgements
The authors express their gratitude to L. Maı¨ofiss-Dullin for
her expert assistance in the statistical analysis of data and
C. Morlat for secretarial help.
References
1. Radin EL, Rose RM. Role of subchondral bone in the
initiation and progression of cartilage damage. Clin
Orthop 1986;213:34–40.
2. Dieppe PA, Cushnagan J, Young P, Kirwan JR. Pre-
diction of the progression of joint space narrowing in
osteoarthritis of the knee by bone scintigraphy. Ann
Rheum Dis 1993;52:557–63.
3. Bailey AJ, Mansell JP. Do subchondral bone changes
exacerbate or precede articular cartilage destruction
in osteoarthritis of the elderly? Gerontology 1997;
43:296–304.
4. Watson PJ, Carpenter TA, Hall LD, Tyler JA. Cartilage
swelling and loss in a spontaneous model of osteo-
arthritis visualized by magnetic resonance imaging.
Osteoarthritis Cartilage 1996;4:197–207.
5. Billingham MEJ, Meijers MHM, Mahwinney B, Malcolm
A. Spontaneous osteoarthritis in guinea pig: cartilage
degeneration is preceded by loss of subchondral
trabecular bone (abstract). J Rheumatol 1996;104.
6. Pastoureau P, Chomel A, Bonnet J. Evidence of early
subchondral bone changes in the meniscectomized
guinea pig. A densitometric study using dual-energy
X-ray absorptiometry subregional analysis. Osteo-
arthritis Cartilage 1999;7:466–73.
7. Bendele AM. Progressive chronic osteoarthritis in
femorotibial joints of partial medial meniscectomized
guinea pigs. Vet Pathol 1987;24:444–8.
8. Meunier PJ. Histomorphometry of the skeleton. In:
Peck WA, Ed. Bone and Mineral Research Annual 1.
Amsterdam: Excerpta Medica 1983;191–222.
9. Shenk RK, Olah AJ, Hermann W. Preparation of calci-
fied tissues for light microscopy. In: Dickson GR, Ed.
Methods of Calcified Tissue Preparation. Amsterdam:
Elsevier 1984;1–56.
10. Bendele A, McComb J, Gould T, McAbee T, Sennello
G, Chlipala E, et al. Animal models of arthritis: rel-
evance to human disease. Toxicol Pathol 1999;27(1):
134–42.
11. Glasson S, Harlan P, Jimenez P, Haimes H, Surgical
models of osteoarthritis in the guinea pig. Trans-
actions of the 48th Annual Meeting of the Orthopae-
dic Research Society 2002;27:abstract no. 666.
12. Glasson S, Harlan P, Jimenez P, Haimes H. Doxy-
cycline efficacy in a surgical model of osteoarthritis in
the guinea pig. Transactions of the 48th Annual
Meeting of the Orthopaedic Research Society
2002;27:abstract no. 685.
13. Smith GN, Mickler EA, Albrecht ME, Myers SL, Brandt
KD. Severity of medial meniscus damage in the
canine knee after anterior cruciate ligament tran-
section. Osteoarthritis Cartilage 2002;10(4):321–6.
14. Le Graverand MP, Eggerer J, Vignon E, Otterness IG,
Barclay L, Hart DA. Assessment of specific mRNA
levels in cartilage regions in a lapine model of
osteoarthritis. J Orthop Res 2002;20(3):535–44.
15. Pelletier JP, Lajeunesse D, Jovanovic DV,
Lascau-Coman V, Jolicoeur FC, Hilal G, et al.
Carprofen simultaneously reduces progression of
morphological changes in cartilage and subchondral
bone in experimental dog osteoarthritis. J Rheumatol
2000;27(12):2893–902.
16. Kikuchi T, Yamada H, Shimmei M. Effect of high
molecular weight hyaluronan on cartilage degenera-
tion in a rabbit model of osteoarthritis. Osteoarthritis
Cartilage 1996;4:99–110.
17. Hocker SA, Healey RM, Yoshioka M, Coutts RD. A
methodology for the quantitative assessment of car-
tilage histomorphometry. Osteoarthritis Cartilage
1997;5(5):343–55.
18. Paulsen HU, Thomsen JS, Hougen HP, Mosekilde L. A
histomorphometric and scanning electron micros-
copy study of human condylar cartilage and bone
tissue changes in relation to age. Clin Orthop Res
1999;2(2):67–78.
19. Matsui H, Shimizu M, Tsuji H. Cartilage and subchon-
dral bone interaction in osteoarthrosis of human knee
joint: a histological and histomorphometric study.
Microsc Res Tech 1997;37(4):333–42.
20. O’Driscoll SW, Marx RG, Fitzsimmons JS, Beaton DE.
Method for automated cartilage histomorphometry.
Tissue Eng 1999;5(1):13–23.
21. Meacock SCR, Bodmer JL, Billingham MEJ. Experi-
mental osteoarthritis in guinea pigs. J Exp Pathol
1990;71:279–93.
22. Bendele AM, White SL. Early histopathologic and
ultrastructural alterations in femorotibial joints of par-
tial medial meniscectomized guinea pigs. Vet Pathol
1987;24:436–43.
23. Bendele AM, Hulman JF. Spontaneous cartilage de-
generation in guinea pigs. Arthritis Rheum 1988;
31:561–5.
24. Lanzer WL, Komenda G. Changes in articular cartilage
after meniscectomy. Clin Orthop 1990;252:41–8.
25. Hollander AP, Pidoux I, Reiner A, Rorabeck C, Bourne
R, Poole AR. Damage to type II collagen in aging and
osteoarthritis starts at the articular surface, originates
around chondrocytes, and extends into the cartilage
with progressive degeneration. J Clin Invest 1995;
96(6):2859–69.
26. Stoop R, van der Kraan PM, Buma P, Hollander AP,
Billinghurst RC, Poole AR, et al. Type II collagen
degradation in spontaneous osteoarthritis in C57Bl/6
and BALB/c mice. Arthritis Rheum 1999;42(11):
2381–9.
27. Stoop R, Buma P, van der Kraan PM, Hollander AP,
Billinghurst RC, Meijers TH, et al. Type II collagen
degradation in articular cartilage fibrillation after
anterior cruciate ligament transection in rats. Osteo-
arthritis Cartilage 2001;9(4):308–15.
28. Jimenez PA, Glasson SS, Trubetskoy OV, Haimes HB.
Spontaneous osteoarthritis in Dunkin Hartley guinea
pigs: histologic, radiologic, and biochemical changes.
Lab Anim Sci 1997;47(6):598–601.
29. Maniwa S, Nishikori T, Furukawa S, Kajitani K, Ochi M.
Alteration of collagen network and negative charge of
articular cartilage surface in the early stage of experi-
mental osteoarthritis. Arch Orthop Trauma Surg
2001;121(4):181–5.
422 P. Pastoureau et al.: Articular cartilage and subchondral bone histology in osteoarthritis
30. Gibson GJ, Verner JJ, Nelson FR, Lin DL. Degradation
of the cartilage collagen matrix associated with
changes in chondrocytes in osteoarthritis. Assess-
ment by loss of background fluorescence and immu-
nodetection of matrix components. J Orthop Res
2001;19(1):33–42.
31. Wei L, Svensson O, Hjerpe A. Correlation of morpho-
logic and biochemical changes in the natural history
of spontaneous osteoarthritis in guinea pigs. Arthritis
Rheum 1997;40(11):2075–83.
32. Kiraly K, Hyttinen MM, Parkkinen JJ, Arokoski JA,
Lapvetelainen T, Torronen K, et al. Articular cartilage
collagen birefringence is altered concurrent with
changes in proteoglycan synthesis during dynamic in
vitro loading. Anat Rec 1998;251(1):28–36.
33. Pelletier JP, Martel-Pelletier J, Howell DS. Etiopatho-
genesis of osteoarthritis. In: Koopman WJ, Ed.
Arthritis and Allied Conditions. A Textbook of
Rheumatology 13th edn. Baltimore: Williams and
Wilkins 1997;1969–84.
34. Sandell LJ, Aigner T. Articular cartilage and changes in
arthritis. An introduction: cell biology of osteoarthritis.
Arthritis Res 2001;3(2):107–13.
35. Vignon E, Arlot M, Meunier P, Vignon G. Quantitative
histological changes in osteoarthritic hip cartilage.
Clin Orthop 1974;103:269–78.
36. Blanco FJ, Guitian R, Vazquez-Martul E, de Toro FJ,
Galdo F. Osteoarthritis chondrocytes die by apopto-
sis. A possible pathway for osteoarthritis pathology.
Arthritis Rheum 1998;41(2):284–9.
37. Hashimoto S, Takahashi K, Amiel D, Coutts RD, Lotz
M. Chondrocyte apoptosis and nitric oxide production
during experimentally induced osteoarthritis. Arthritis
Rheum 1998;41(7):1266–74.
38. Kobayashi K, Mishima H, Hashimoto S, Goomer RS,
Harwood FL, Lotz M, et al. Chondrocyte apoptosis
and regional differential expression of nitric oxide in
the medial meniscus following partial meniscectomy.
J Orthop Res 2001;19(5):802–8.
39. Kim HA, Suh DI, Song YW. Relationship between
chondrocyte apoptosis and matrix depletion in hu-
man articular cartilage. J Rheumatol 2001;28(9):
2038–45.
40. Grynpas MD, Alpert B, Katz I, Lieberman I, Pritzker
KP. Subchondral bone in osteoarthritis. Calcif Tissue
Int 1991;49(1):20–6.
Osteoarthritis and Cartilage Vol. 11, No. 6 423
